
J Physiol 588.18 (2010) pp 3605–3613 3605

‘Cross-adaptation’: habituation to short repeated
cold-water immersions affects the response to acute
hypoxia in humans

Heather C. Lunt, Martin J. Barwood, Jo Corbett and Michael J. Tipton

Department of Sport and Exercise Sciences, University of Portsmouth, Spinnaker Building, Cambridge Road, Portsmouth PO1 2ER, UK

Adaptation to an environmental stressor is usually studied in isolation, yet these stressors
are often encountered in combination in the field, an example being cold and hypoxia at
altitude. There has been a paucity of research in this area, although work with rodents indicates
that habituation to repeated short cold exposures has a cross-adaptive effect during hypoxia.
The present study tested the hypothesis that cross-adaptation is also possible with humans.
Thirty-two male volunteers were exposed to 10 min bouts of normoxic and hypoxic (F IO2

0.12) rest and exercise (100 W on a recumbent cycle ergometer). These were repeated after a
96 h interval, during which participants completed six, 5 min immersions in either cold (12◦C,
CW) or thermoneutral water (35◦C, TW). Venous blood samples were taken immediately after
each bout, for determination of catecholamine concentrations. A three-lead ECG was recorded
throughout and the final 5 min of each bout was analysed for heart rate variability using fast
fourier transformations (and displayed as log transformed data (ln)). In comparison with the first
hypoxic exercise exposure, the second exposure of the CW group resulted in an increased ln high
frequency (ln HF) power (P < 0.001) and reduced adrenaline (P < 0.001) and noradrenaline
concentrations (P < 0.001). Adrenaline and noradrenaline concentrations were lower in the CW
group during the second hypoxic exercise compared to the TW group (P = 0.042 and P = 0.003),
but ln HF was not. When separated into hypoxic sensitive and hypoxic insensitive subgroups, ln
HF was higher in the hypoxic sensitive CW group during the second hypoxic exercise than in any
of the other subgroups. Cold habituation reduced the sympathetic response (indicated by the
reduced catecholamine concentrations) and elevated the parasympathetic activity (increased ln
HF power) to hypoxic exercise. These data suggest a generic autonomic cross-adaptive effect
between cold habituation and exposure to acute hypoxia in humans.
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Introduction

Physiological adaptation to environmental stressors is
often studied in isolation, but these stressors are frequently
combined outside of laboratory settings, for example cold
and hypoxia at altitude. There is limited information
about the effect that adaptation to one environment
has on exposure to another. Animal experiments suggest
that a generic autonomic adaptation provided by short
repeated cold-air exposures can result in a reduction in
the sympathetic response to novel environmental stimuli,
such as acute hypoxia (forming a ‘cross-adaptive’ effect;

LeBlanc, 1969). Groups of rats that were not habituated
to short cold exposures or lived in consistently cool
environments did not demonstrate an improved response
to hypoxic conditions. Others have also reported that
prolonged moderately cold conditions had no effect
(Fregly, 1954) or a detrimental effect on responses to hypo-
xia (Fregly, 1953; Altland et al. 1972, 1973).

In humans it is known that repeated short cold-water
immersions attenuate the initial cardio-respiratory
responses to cold immersion (Keatinge & Evans, 1961;
Golden & Tipton, 1988) as well as decrease circulating
adrenaline and noradrenaline concentrations (Huttunen
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Table 1. Mean (S.D.) personal characteristics of the cold water (CW) and thermoneutral water (TW) groups separated into
hypoxic sensitive (HS) and hypoxic insensitive (HI) subgroups

Age (years) Height (m) Mass (kg)
∑

8 skinfolds (mm)∗ V̇O2 max (L min−1) FEV1 (L) FVC (L)

CW (n = 16) 27 (7) 1.79 (0.08) 77.3 (8.4) 82 (24) 4.3 (0.7) 4.4 (0.4) 5.2 (0.5)
CWHS (n = 8) 27 (7) 1.80 (0.1) 75.9 (10.3) 85 (24) 4.3 (0.8) 4.6 (0.5) 5.3 (0.6)
CWHI (n = 8) 26 (7) 1.78 (0.06) 78.5 (5.8) 79 (22) 4.3 (0.8) 4.4 (0.3) 5.3 (0.4)
TW (n = 16) 22 (3) 1.80 (0.07) 76.7 (10.3) 82 (26) 4.3 (0.6) 4.5 (0.7) 5.5 (0.7)
TWHS (n = 8) 24 (3) 1.76 (0.06) 77.5 (10.8) 80 (11) 4.1 (0.7) 4.2 (0.5) 5.2 (0.5)
TWHI (n = 8) 22 (4) 1.84 (0.05) 75.8 (10.5) 82 (11) 4.5 (0.6) 4.9 (0.7) 5.6 (0.7)
All (n = 32) 25 (6) 1.79 (0.07) 76.9 (9.6) 88 (26) 4.3 (0.7) 4.5 (0.6) 5.3 (0.6)

∗Norton and Olds (1996).

et al. 2001). However, others have observed a decrease in
plasma noradrenaline concentrations, but not adrenaline
(Jansky et al. 1996; Leppaluoto et al. 2001). This
suggests that repeated immersions in cold-water result
in a habituation which involves the sympathetic nervous
system pathways. At present, it is not known if this
also provides a generic autonomic cross-adaptation to
another environmental stressor, such as exposure to acute
hypoxia.

Autonomic activity has been assessed non-invasively
using heart rate variability (HRV), with high frequency
power representing the level of parasympathetic activity
(Akselrod et al. 1981; Pomeranz et al. 1985; Pagani et al.
1986) and low frequency power having both sympathetic
and parasympathetic components (Akselrod et al. 1981;
Pomeranz et al. 1985). The HRV responses to hypoxia have
previously been investigated, and several studies suggest
that compared to normoxia, an acute hypoxic/altitude
exposure reduces the high frequency component at rest
(Zuzewicz et al. 1999; Bernardi et al. 2001; Kanai et al.
2001; Buchheit et al. 2004). This effect was also established
during exercise in hypoxic and normoxic environments
(Zupet et al. 2009), but has not been reported by all
(Buchheit et al. 2004). In addition, habituation to repeated
short cold-air exposures has been reported to increase high
frequency activity (parasympathetic activity) (Westerlund
et al. 2006). However, there are no experiments which
have investigated the response of HRV to head-out, whole
body immersions in cold-water, or used this technique to
establish if a cross-adaptive effect occurs between repeated
cold water immersions and hypoxia. The variability of
the measurement technique (Sandercock, 2007) and a
concern about how representative of sympathetic activity
the low frequency power is (Berntson et al. 1997) raise
questions about the sole use of HRV as an accurate
and reliable indicator of autonomic activity. Therefore,
a second measurement technique, such as circulating
catecholamine concentrations may be used.

Accordingly, the present study tested the hypothesis
that a cross-adaptation occurs between the habituation
response to repeated short cold-water immersions and
exposure to hypoxia in humans.

Methods

Ethical approval

Thirty-two healthy male volunteers gave their written
informed consent to participate, and the study received
ethical approval from the University of Portsmouth
BioSciences research Ethics Committee. None of the
subjects had been to significant altitude (>3000 m) or
exposed to cold environments in the preceding year. A
12-lead ECG was performed and venous blood drawn for
a full blood count screening prior to an assessment by an
Independent Medical Officer for the subjects’ fitness to
participate in the study. The physical characteristics of the
participants are presented in Table 1.

Familiarisation

In the fortnight prior to the study, participants attended
the laboratory on one occasion and were familiarised
with the equipment and procedures. They performed a
10 min period of recumbent cycling (at 100 W) breathing
normoxic air, and then breathing an oxygen fraction
of 12% (F IO2 0.12). The cardiac frequency (f C) and
minute ventilation (V̇E) results obtained were used to
allocate participants to two groups: ‘hypoxic sensitive’ and
‘hypoxic insensitive’. The hypoxic sensitive group had the
largest increase in f C and V̇E during hypoxic exercise
compared to normoxic exercise and the hypoxic insensitive
group had smaller f C and V̇E responses. The volunteers
from these two groups were then randomly assigned
to either the cold-water (CW) or thermoneutral-water
control (TW) groups.

Experimental outline

All participants performed two sets of normoxic and
hypoxic exposures at rest and during exercise; each
bout was 10 min in length. A recovery break (breathing
normoxic air for 10–20 min) was given between each bout
for the participants to recover their f C, V̇E and blood
oxygen saturation (SpO2

; estimated from pulse oximetry)
to baseline values. All cycling exercise was performed
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at a cadence of 60 rev min−1.The first and second set of
normoxic and hypoxic exposures were separated by 96 h
during which participants were immersed into CW or
TW six times for a duration of 5 min on each occasion.
Two immersions were performed each day, one each
morning and afternoon, with a minimum of 4 h between
the immersions.

Normoxic and hypoxic exposures

Participants had a light meal approximately 3 h prior to the
start of the test session. The exposure involved volunteers
resting and exercising at 100 W on a recumbent cycle
ergometer (Angio, Lode, Groningen, The Netherlands)
following a Latin square design, whilst breathing normoxic
(F IO2 = 0.21) and hypoxic (F IO2 = 0.12) gas mixtures in
a hypoxic chamber (Sporting Edge, Sherfield on Loddon,
UK). Volunteers were instrumented with a three-lead ECG
(HME Lifepulse, HME Ltd, Potters Bar, UK), a pulse
oximeter finger probe (Nonin 7500, Nonin Medical Inc.,
Plymouth, MN, USA), respiratory mask and a cannula (18
gauge BD Venflon, Helsingborg, Sweden) was inserted into
a prominent vein in the antecubital fossa. Inspired O2 and
CO2 values were measured using a portable gas analyser
(IBRID MX6, Industrial Scientific Corp., Oakdale, PA,
USA), and mixed expired air measurements were collected
via a non-rebreathing valve (Hans Rudolph Inc., Shawnee,
KS, USA) which was linked to an online O2 and CO2 gas
analysis system (GIR 250, Hi-tech Instruments Ltd, Great
Marlings, UK) for the measurement of F EO2 and F ECO2 . The
volume of each expired breath (V T), was measured using
a flow turbine. Expired air temperatures were recorded
continuously during all experiments using thermistors
placed in the expiratory loop (ADInstruments, Sydney,
Australia). Data were recorded using a Powerlab data
acquisition system (ADInstruments), and time sequenced
using Chart Pro (ADInstruments).

Following instrumentation, participants remained in
a seated position for 20 min to allow recovery. At the
end of this period, a baseline blood sample was taken
via the cannula. Further blood samples were taken
at the end of each period of rest and exercise for
the determination of haematocrit (Hct), haemoglobin
concentration ([Hb]) and catecholamine concentrations.
Participants performed the test at the same time of day on
both occasions.

Barometric pressure was recorded from a Fortins
Mercury Barometer (Russell Scientific Instruments,
Dereham, UK) immediately before each experimental
session. The mean ± S.D. ambient air temperature in
the laboratory used during this part of the study was
20.4 ± 0.7◦C with 53.6 ± 2.8% relative humidity.

Upon completion of each hypoxic test, the participants
answered a hypoxia symptoms questionnaire similar to
that described by Evetts et al. (2005).

Water immersions

The first water immersions took place on the
second experimental day, after the first normoxic and
hypoxic exposures. On arrival at the laboratory,
participants changed into swimming shorts and were
instrumented with a three-lead ECG and mouthpiece,
connected to a flow turbine (KL Engineering, CA, USA)
via a respiratory hose for the measurement of inspiratory
volume (V I). Each participant undertook six 5 min
head-out seated immersions in stirred water. The TW
group were immersed in mean ± S.D. water temperature
of 34.7 ± 0.4◦C and the CW group in 12.1 ± 0.1◦C. At
the start of the water immersion the participant was
seated in a chair and suspended above the surface of
the water for 30 s before being lowered into the water
at 8 m min−1 to the level of the axilla. The mean ± S.D.
ambient temperature of the immersion laboratory was
25.1 ± 1.1◦C with 72.6 ± 6.8% relative humidity.

Blood analyses

Venous blood samples were collected into heparinised
vacutainer tubes (Vacutainer Vacuette, Greiner Bio-One
GmbH, Kremsmuenster, Austria). Plasma volume changes
were calculated from measurements of Hct and [Hb]
following the method of Strauss et al. (1951) and Dill
& Costill (1974). [Hb] was assessed using a HemoCue
(HemoCue AB, Helsingborg, Denmark). Duplicate
aliquots of blood were expressed into heparinised
micro-centrifuge tubes and spun at 15,115× g for 5 min
in a microcentrifuge (Heraeus Pico 17, Thermo Electron
Corp., Karlsruhe, Germany) before visual examination of
the Hct was made using a micro-Hct reader (Hawsley,
Lancing, UK).

The heparin tubes were placed in a refrigerated
centrifuge (Heraeus multifuge 3 S-R, Thermo Electron
Corp.) at 4◦C and spun for 10 min at 812× g . The resultant
plasma was removed and frozen at −80◦C (snap frozen
within 20 min of blood sampling).

Blood plasma catecholamine concentrations were
measured from four participants in each group by high
performance liquid chromatography with electrochemical
detection (HPLC-ECD) at King’s College Pathology
Laboratory, London. The intra-assay C.V. was 7.2% and
inter-assay C.V. was 9.1%.

HRV data analysis

The R-R intervals were calculated from the recorded ECG
traces over the final 5 min period of each normoxic and
hypoxic exposure. The R-R intervals were recorded to an
accuracy of 1 ms. All R-R intervals were visually inspected
to exclude premature beats and noise.
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Table 2. Mean (S.D.) HRV indices and ventilatory variables during cycling exercise (100 W)
whilst breathing hypoxic gas (F IO2 = 0.12) before (first exposure) and after (second exposure)
the water immersions in thermoneutral (TW) or cold-water (CW)

CW group TW group

First exposure Second exposure First exposure Second exposure

SpO2 (%) 74.4 (4.3) 72.1 (4.6) 75.1 (3.7) 73.9 (4.9)
fC (beats min−1) 142 (13) 134 (13)∗† 141 (12) 144 (9)
R-R intervals (ms) 426 (40) 447 (47)∗† 428 (38) 417 (27)
SDNN (ms) 12 (11) 9 (5) 16 (20) 14 (11)
ln total power 4.0 (1.4) 4.0 (1.3) 4.1 (1.3) 3.5 (0.8)
ln HF 1.3 (1.1) 2.4 (1.2)∗ 1.5 (1.4) 1.6 (1.3)
ln LF 2.3 (1.5) 1.5 (0.9) 2.4 (1.4) 2.1 (1.4)
ln LF:HF 1.4 (0.6) 0.7 (0.3)∗† 1.4 (0.7) 1.2 (0.5)
VT (L) 2.3 (0.2) 2.6 (0.3)∗† 2.3 (0.2) 2.4 (0.3)
fR (breaths min−1) 27 (6) 22 (5)∗† 27 (4) 26 (4)
V̇E (L · min−1) 50.9 (7.1) 47.2 (3.9)∗† 50.1 (6.2) 50.5 (6.2)
V̇O2 (L · min−1) 1.8 (0.3) 1.7 (0.2)† 1.9 (0.4) 2.0 (0.3)
V̇CO2 (L · min−1) 2.3 (0.2) 1.8 (0.3)∗† 2.2 (0.3) 2.3 (0.3)
RER 1.2 (0.1) 1.1 (0.1)∗† 1.3 (0.1) 1.2 (0.1)

∗Different from the first exposure P < 0.05. †Different from the TW group P < 0.05.

Once signal processing was completed, time and
frequency domain parameters were calculated using
KubiosHRV analysis Software (Biomedical Signal Analysis
Group, University of Kuopio, Finland). HRV was
calculated in accordance with the recommendations of
The Task Force of the European Society of Cardiology and
the North American Society of Pacing Electrophysiology
(1996). The frequency domain HRV measurements were
calculated using fast Fourier transformations and Welch’s
periodogram method with 256 point window width
and a 50% overlap. The time domain measurements
include mean f C, mean R-R interval and the standard
deviation of the R-R intervals (SDNN). Frequency domain
measurements of total power, low frequency power (LF)
(range 0.04–0.15 Hz), high frequency power (HF) (range
0.15–0.4 Hz) and low:high frequency ratio (LF:HF ratio)
were calculated from absolute values (ms2) and presented
in log transformed terms using the natural logarithm (ln).

Statistical analyses

A mixed model ANOVA was conducted to assess the
impact of the repeated CW intervention on participants’
responses to hypoxia at rest and during moderate
intensity recumbent cycling. This was used for all
variables except the catecholamine concentrations, which
were analysed using a non-parametric Mann–Whitney
U test and Bonferroni’s adjustment applied for multiple
comparisons, due to the sample size (n = 4 in each group)
on which the analysis was performed. Catecholamine
analysis was performed on two randomly selected
hypoxic sensitive and two hypoxic insensitive participants

in each of the TW and CW groups. Spearman’s rank
order correlation coefficient was also used to assess the
relationship in the CW group between the change in f C

from the first to the final immersion, and the change in f C

from the first to final hypoxic exercise exposure.

Results

All volunteers underwent six water immersions, between
the two normoxic and hypoxic exposures; however one
participant from the TW and CW groups was removed
early from one immersion due to an excessive number of
ectopic heart beats.

There were no differences in any variables when
normoxic and hypoxic rest periods were compared before
or after the CW or TW immersions.

Response to hypoxia and normoxia during exercise

During the first hypoxic exercise condition compared to
the normoxic exercise (Table 2), there was a significant
reduction in R-R intervals (P < 0.001), ln Total power
(P < 0.001), ln HF power (P < 0.001), ln LF power
(P < 0.001), ln LF:HF power ratio (P = 0.011) and SpO2

(P < 0.001), and an increase in f C (P < 0.001), and
adrenaline (P < 0.001) and noradrenaline concentrations
(P < 0.001). The following were significantly increased:
f R (P = 0.019), V T (P < 0.001), V̇E (P < 0.001), V̇O2

(P < 0.001), V̇CO2 (P = 0.003) and RER (P < 0.001). No
differences in the SDNN were found in either group when
normoxic and hypoxic exercise was compared.

C© 2010 The Authors. Journal compilation C© 2010 The Physiological Society



J Physiol 588.18 Response to acute hypoxia after cold-water habituation 3609

Figure 1. Adrenaline concentrations during 100 W
of hypoxic cycling
Mean (dotted line) and individual data (continuous lines)
for plasma volume corrected adrenaline concentrations
during 100 W of hypoxic cycling before and after the
repeated cold water (n = 4) or thermoneutral water
immersions (n = 4). Mean (S.D.) for the normoxic rest
(filled diamonds), exercise (filled squares) and hypoxic
rest (filled triangles) conditions are also shown.
∗Difference between hypoxic exposure 1 and 2
(P < 0.05); †difference between groups (P < 0.05).

There were no differences in any variables during
normoxic exercise before and after the immersions in
either the CW or TW group. In the TW group, no
differences were found in any of the measured variables
between the two hypoxic exercise exposures.

In the CW group the second hypoxic exercise
exposure resulted in a significant increase in R-R
interval (P = 0.004) and ln HF power (P < 0.001),
and reductions in f C (P = 0.002), ln LF:HF power
ratio (P = 0.003), adrenaline (P = 0.042, Fig. 1) and
noradrenaline concentrations (P = 0.003, Fig. 2), V̇E

(P = 0.016), and V̇O2 (P = 0.001, Table 2). No differences
were observed in ln LF power, ln total power, SDNN and
SpO2

between the hypoxic exercise exposures in the CW
group before and after the cold habituation.

During the second hypoxic exercise exposure, the ln HF
power was not significantly different between the CW and
TW groups, but R-R intervals were higher (P = 0.041)
and f C, ln LF:HF power ratio (Table 2), adrenaline and
noradrenaline concentrations (Figs 1 and 2), and V̇E

(Table 2) were significantly lower in the CW compared to
the TW groups (P = 0.045, 0.002, 0.004, 0.002 and 0.003,
respectively).

Sensitivity to hypoxia

During the hypoxic exposures, there were no differences in
any variables in the TW hypoxic sensitive and insensitive
subgroups, before or after the immersion in thermo-
neutral water. After exposure to the repeated cold-water
immersions, the CW hypoxic sensitive subgroup had a
significant increase in the ln HF power compared to the
CW hypoxic insensitive (P = 0.045), TW hypoxic sensitive
(P = 0.003) and TW hypoxic insensitive (P = 0.001) sub-
groups (Fig. 3).

Those in the hypoxic sensitive CW group had the
greatest reduction in peak f C between the first and final
cold-water immersions and the largest reduction in peak
fc between the two hypoxic exercise exposures (r = 0.59,
P = 0.017, Fig. 4).

Figure 2. Noradrenaline concentrations during
100 W of hypoxic cycling
Mean (dotted line) and individual data (continuous lines)
for plasma volume corrected noradrenaline
concentrations during 100 W of hypoxic cycling before
and after the repeated cold water (n = 4) or
thermoneutral water immersions (n = 4). See Fig. 1 for
further details.
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Figure 3. High frequency power between the first
and second hypoxic exercise exposures
Mean (S.D.) change in log transformed high frequency
power between the first and second hypoxic exercise
exposures when the cold water and thermoneutral
water groups have been separated into the hypoxic
sensitive and hypoxic insensitive subgroups. ∗Different
from other subgroups (P < 0.05).

Subjective responses to hypoxia

The number of hypoxic symptoms and symptom severity
did not differ between the CW and TW groups during
the first hypoxic exposure. During the second hypoxic
exposure, after cold habituation the CW group had a
significant reduction in the number of hypoxic symptoms
(P = 0.035) and symptom severity (P = 0.016) compared
to the first exposure, and in comparison to the second
exposure in the TW group (P = 0.042, P = 0.013, number
and severity of symptoms respectively, Figs 5 and 6).
No additional differences were found when the groups
were separated into the hypoxic sensitive and hypoxic
insensitive subgroups.

Discussion

The present study found that habituation to cold-water
immersion reduced the circulating catecholamine
concentrations and increased the HF power of
HRV indices during acute hypoxia when exercising.

These findings suggest that cold habituation reduced
sympathetic stimulation and increased parasympathetic
activity when exercising during subsequent hypoxic
exposures. The environmental cross-adaptation resulted
in reduced physiological strain (an alteration in autonomic
balance and reduced cardio-respiratory responses) during
exercise in hypoxic conditions. The hypothesis that cold
habituation has a cross-adaptive effect on the response to
acute hypoxia when exercising is accepted.

The results of the present study support the work of
LeBlanc (1969) with rodents, and extend it to human
participants. However, these experimental results are in
contrast to the findings of Fregly (1953, 1954) and
Altland et al. (1973) who exposed rodents to prolonged
moderately cold air exposures before the addition of
a hypoxic environment. A similar cross-sensitisation
response to restraint stress was also described in rats
that were exposed to intermittent hypoxia (Ma et al.
2008). The effects reported during hypoxic exposures
by Fregly (1953, 1954) and Altland et al. (1973)
may be the result of a specific metabolic habituation

Figure 4. Change in peak cardiac frequency
(beats · min−1) from the first to the final
cold-water immersions against the change in peak
cardiac frequency to hypoxic exercise separated by
those in the hypoxic sensitive group (open circles)
and hypoxia insensitive group (filled circles).
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Figure 5. Number of symptoms during the hypoxic
exposures
Mean (S.D.) number of symptoms during the hypoxic
exposures for participants in the thermoneutral water
immersion group (black bars) and cold water immersion
(white bars). †Different from first hypoxic exposure
(P < 0.05); ∗difference between CW and TW (P < 0.05).

to the cold, which increases oxygen consumption to
defend internal body temperature. In an oxygen depleted
environment, the increased metabolic rate results in the
rats’ reduced tolerance. In contrast, in the present study,
cardio-respiratory and autonomic responses to hypo-
xia were reduced following the cold-water immersions.
The type of cold exposure used in the present study
and that of LeBlanc (1969) resulted in a habituation
to short repeated cold-water immersions. This is not a
metabolic response to prolonged cold exposure, but an
attenuation of the sympathetic autonomic response to a
short severe repeated stressor (short water immersions).
This suggests that the cross adaptation between cold
habituation and hypoxic conditions observed in the
present study may be mediated by a generic habituation
to a stressor rather than a specific response to
long-term cold exposure. However, the duration of the
cross-adaptation effect has not been established, or
whether it will hinder more specific physiological changes
which result in an adaptive response to altitude and
hypoxia. In addition, it has not been established if reverse

cross-adaptation with repeated hypoxic exposures would
affect the response to cold; this may require a hypoxic
stimulus which would elicit a response of the magnitude
observed during initial immersion in cold water.

Sensitivity to hypoxia

The elevated ln HF power in the CW hypoxic sensitive
group and the reduction in catecholamine concentrations
during the second hypoxic exercise suggests that
autonomic balance may have shifted away from
sympathetic predominance to include more
parasympathetic activity. This suggests that those
with the greatest change in cardio-respiratory variables
and autonomic balance when cold habituated also
have the larger reductions during exposure to acute
hypoxic conditions. However, identification of these
hypoxic-sensitive individuals is not straightforward as
there were no discernable differences in their physical
characteristics including V̇O2 max, in comparison with the
other subgroups (Table 1).

Figure 6. Symptom scores during the hypoxic
exposures
Mean (S.D.) symptom scores during the hypoxic
exposures for participants in the thermoneutral water
immersion group (black bars) and cold water immersion
(white bars). †Different from first hypoxic exposure
(P < 0.05); ∗difference between CW and TW (P < 0.05).
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The catecholamine results suggest that reductions in
circulating volumes occurred in the CW group during the
second hypoxic exercise exposure, even though two of the
participants were in the hypoxic insensitive group. This
suggests that a reduction in sympathetic activity occurred
in both the hypoxic sensitive and hypoxic insensitive
participants in the CW group, but HRV may not have
been sensitive enough to detect the change. This adds
further weight to the argument that the large variability
in the HRV data may have prevented a significant increase
in ln HF power from being observed in the CW group
as a whole, compared to the TW group, during the
second hypoxic exposure. In addition, the reduction in
ventilatory drive during the second hypoxic exposure
in the CW group may account for some of the auto-
nomic changes. Elevated inspiratory activity inhibits the
cardiac vagal tone (Brown et al. 1993). Consequently,
the reduction in f R of the CW group during the second
hypoxic exercise exposure may result in an increase in
HF power. As a result, changes in HRV indices may not
reflect alterations in autonomic balance. The combination
of the two measurement techniques (HRV and plasma
catecholamines concentrations) was justified, to indicate
and corroborate the balance of autonomic activity which
occurred during the experiment.

It is concluded that repeated cold-water immersions
resulted in a reduction in the sympathetic autonomic and
cardio-respiratory responses during moderate exercise
in hypoxic conditions. This response may provide a
beneficial generic autonomic cross-adaptive effect for
some individuals who are exposed acutely to hypoxia. The
duration of this adaptation when exposed to hypoxia is
not known, but warrants further investigation.
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